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Summary

An investigation has been conducted in the static

test facility of the Langley 16-Foot Transonic Tun-

nel to determine the effects of post-exit yaw vane

installation on two-dimensional convergent-divergent

nozzle performance. The variation of several geo-

metric parameters and the resulting performance

and yaw-vectoring effects have been studied. Previ-

ously tested nozzles (dry-power, unvectored and vec-

tored, and afterburning power, unvectored and vec-

tored) were used. Vane deflection angle, longitudinal

and lateral location, size, and camber were varied

during this test. All vanes, regardless of position,

were hinged at the exit plane. Configurations were

also tested in which the vanes were hinged at two
locations--the exit plane and the vane quarter-chord.

The vane concepts tested generally produced yaw-
vectoring angles that were much smaller than the

geometric angle for large (up to 8 percent) resul-
tant thrust losses. On 0 ° pitch-vectored nozzles, yaw-

vectoring effectiveness and thrust penalties were only

slightly affected by vane longitudinal location. How-

ever, when the nozzles themselves were pitch vec-

tored, yawing effectiveness decreased as the vanes

were moved downstream. Thrust penalties and yaw-

ing effectiveness both dropped quickly as the vanes

were moved laterally outboard. Increases in vane

length produced correspondingly higher vectoring
angles and thrust losses. Increased vane height pro-

duced only small increments in yawing ability. In-

creases in camber from 0 to 6 percent increased re-

sultant yaw angles by 50 to 100 percent, as did the

double-hinged scheme mentioned previously.

Introduction

It is anticipated that the next generation of

fighter aircraft will be required to operate over a

much greater performance envelope than aircraft of

today, and achieving that performance will be more
difficult than ever before. Studies have indicated,

for example, that increases in thrust-to-weight ra-

tio much beyond those currently available will no

longer yield the performance gains achieved in the

past. Designers are instead turning to such concepts

as "supermaneuverability" (flight regimes for which

conventional aerodynamic controls are ineffective) to

attain the desired tactical advantage (ref. 1). Simu-
lation studies in these areas indicate that the shorter

maneuver times (used in both first shoot and eva-

sion roles) made available through these advances
will better enable aircraft to defeat a numerically su-

perior foe (refs. 2 to 6). Lastly, to improve the field-

ing possibilities of such an aircraft, a short take-off

and landing (STOL) capability may also be required.

The aspect of supermaneuverability that is of

greatest interest here is post-stall maneuvering (PST).

Such a maneuver entails a rapid, transient, pitch-

up of the aircraft into the post-stall regime--trading

energy (speed) for attitude and/or positional changes.

Unfortunately, current aircraft designs generally ex-
perience degraded longitudinal and lateral-directional

stability at the higher angles of attack, and conven-

tional aerodynamic control surfaces rapidly lose their
effectiveness as speed is reduced. One way to over-

come this loss of aircraft control is to employ multi-

plane thrust vectoring to supplement or replace the

aerodynamic controls. Several such vectoring con-

cepts currently exist, and many studies indicate that

at both low speed (low dynamic pressure) and high

angles of attack, control forces available from thrust

vectoring equal or exceed those from conventional

control surfaces (refs. 7 to 9). These surfaces, nor-

mally sized large enough to maintain aircraft control

at low speeds, can thus be reduced in size or even

eliminated if thrust vectoring is employed, thereby

reducing aircraft drag and gross weight.

One vectoring nozzle that has been thoroughly

investigated over the past several years is the two-

dimensional convergent-divergent (2-D C-D) nozzle.
This nozzle offers internal performance comparable

to existing axisymmetric (round) nozzles and highly

efficient flow turning in the pitch axis (refs. 10 to 12).

Reduced installed drag is offered in some installa-

tions (ref. 13). When utilized with a thrust reverser,

landing-roll distances are also significantly reduced

(refs. 2 and 14). However, nonaxisymmetric nozzles

such as the 2-D C-D tend to be heavier than existing

axisymmetric designs (without thrust-vectoring or

reversing capability). Coupled with the added struc-
ture necessary to accommodate the vectoring forces

generated, this increase in nozzle weight may result

in increased gross vehicle weight (refs. 15 and 16).

As stated, the lateral control effectiveness of most

current aircraft designs with conventional controls is
reduced tremendously at the high angles of attack

and low speed necessary for post-stall maneuvering.

In several static investigations, the 2-D C-D nozzle

has been modified to incorporate thrust vectoring in

the yaw axis to counter this effect (refs. 17 to 19).

The deflection of flat or curved plates into the jet ex-

haust to generate the vectoring force is discussed in

references 18 and 19. These plates were integral with
the 2-D C-D sidewall and were hinged at various

locations between the nozzle throat (point of mini-

mum duct area) and the nozzle exit. Unlike the tests
in previous references, this investigation used airfoil-

shaped vanes mounted away from the nozzle, at or
downstream of the nozzle exit. A matrix of several



vanelocationsandfourvaneconfigurations(oneof
whichwascambered)weretestedat yawdeflection
anglesof 0°, 10°, and20° onunvectoredandpitch-
vectored,dry (military)andafterburnerpower,2-D
C-D nozzlesat nozzlepressureratios (NPR)from
2.0to 9.0. The useof post-exitvanesto provide
bothpitchandyawvectoringonaxisymmetricnoz-
zlesat static conditionshasalsobeeninvestigated
andisreportedin reference20.

Symbols

A/B afterburning

(AR)e nozzleexit aspectratio (ratioofnozzle
width to height,measuredat nozzleexit)

(AR)t nozzlethroataspectratio (ratioof nozzle
width to height,measuredat nozzle
throat,w/ht)

(AR)v vane aspect ratio (ratio of vane length to
height, lv/hv)

Ae nozzle exit area, in 2

Ae/At nozzle expansion ratio

At nozzle throat area, in 2

Av individual yaw vane planform area, in 2

Av/Ae ratio of vane planform area to nozzle exit
area

F measured thrust along body axis, posi-
tive in forward direction, Ibf

F i ideal isentropic gross thrust,

/RjTt,j2,_ [1 (3'-1)/3']-
F N measured normal force, lbf

Fr resultant gross thrust, V/F 2 + F 2 + F_,

lbf

F S measured side force, lbf

g acceleration due to gravity, 32.174 ft/sec 2

he height of nozzle at exit, in.

hv vertical height of vane, in.

ldi longitudinal length of divergent flap,
from throat to exit, in.

Iv longitudinal length of vane, in.

NPR nozzle pressure ratio (ratio of jet total

pressure to ambient pressure)

(NPR)d

Pa

Pt,j

R

R¢
SERN

Sta.

Tt,j

typ.

yh

vz

vz

W

wi

Wp

Wp/Wi

Xv

y?2

2-D C-D

-y

_y

design nozzle pressure ratio (for fully

expanded flow at nozzle exit)

ambient pressure, psi

jet total pressure, psi

radius, in.

gas constant, 1716 ft2/sec2-°R for air

single expansion ramp nozzle

model station, in.

jet total temperature, °R

typical

ratio of vane height to nozzle exit height,

hv/he

ratio of vane length to nozzle divergent

flap length, Iv/Idf

ratio of unvectored-vane leading-edge

longitudinal distance from nozzle throat

to nozzle divergent flap length, xv/ld/

(positive downstream)

ratio of unvectored-vane lateral distance
from nozzle centerline to nozzle half-

width, yv/(W/2)

internal width of nozzle, in.

computed ideal isentropic weight-flow

rate, _ t,j _t,j, lbf/sec

measured weight-flow rate, lbf/sec

nozzle discharge coefficient

longitudinal distance of unvectored-vane

leading edge from nozzle throat, in.

lateral distance of unvectored vane from

nozzle centerline, in.

two-dimensional convergent-divergent

ratio of specific heats, 1.3997 for air

increment in thrust ratio for in-

stalling and vectoring post-exit vanes,

(Fr/Fi) Vanes -- (Fr/Fi) .are
installed nozzle

resultant pitch thrust-vector angle,

tan -1 -_, deg

resultant yaw thrust-vector angle,

tan -1 -_, deg r



5v,p geometric pitch thrust-vector angle

(average of divergent flap angles) mea-
sured from model centerline, positive

deflection produces positive F N (see
fig. 5(5)), deg

5v,y geometric yaw thrust-vector angle

measured from model centerline, positive

deflection produces positive F 8 (see
figs. 5(a) and 8(a)), deg

_y resultant yaw thrust-vector angle,

tan -1 -_, deg

Apparatus and Procedures

Facility

This investigation was conducted in the static test

facility of the Langley 16-Foot Transonic Tunnel (16-
Foot Tunnel). The single-engine propulsion system,

shown in figure 1, was mounted on a movable dolly

that was located in a large open room. The same
clean, dry, high-pressure air that is utilized in the

16-Foot Tunnel was routed to the simulation system

through a series of remotely operated pressure regu-

lating valves. Stagnation temperature of the supply
air was maintained by a steam heat exchanger, also
remotely operated.

Before reaching the model, high-pressure air was
routed through two calibrated critical-flow venturis

(mounted in parallel) to measure weight flow. From

the venturis, the air was routed through two flexible

lines to the dolly and up the strut through six lines

to a high-pressure plenum. From this plenum, the

air was moved axially and then radially outward

into a low-pressure plenum through eight multiholed

nozzles equally spaced around the end of the high-

pressure plenum. (See fig. 2.) This complex air path
was devised to minimize any forces that might be put

on the force balance by the transfer of momentum as

the air is passed from the nonmetric (mounted on

the support system) to the metric (mounted on the

balance) portion of the model. Two metal bellows

were used to bridge the metric-to-nonmetric break,

to prevent any loss of air volume, and to minimize
the axial forces caused by pressurization. Once in

the metric low-pressure plenum, the air was moved

axially through a transition section (to change from

circular to rectangular cross-sectional flow area), a
choke plate, an instrumentation section, and finally

the nozzles being tested. (See fig. 1.) The jet was

exhausted to atmosphere. All model hardware was
connected to the instrumentation section at model

station 41.13. When in operation, the simulation

system was visually monitored through the use of
a closed-circuit television camera.

Nozzle Design

The baseline 2-D C-D nozzles used in this in-

vestigation are shown in figure 3. Two representa-

tive nozzle power settings dry (military) power and
afterburner power--were used. The nozzle sidewalls
remained fixed at a constant width of 4.000 in. Noz-

zle area ratio was controlled by nozzle throat area

and divergent flap exit area. The pitch-vector angle

was determined from the average of the top and bot-

tom divergent flap angles. Both flaps were symmetri-

cally deflected either toward or away from the nozzle

centerline to control area ratio, and they were dif-

ferentially deflected (one flap toward the centerline,

one away) to control pitch-vector angle. These noz-
zles were previously tested, and the results of those

investigations are reported in references 11 and 19.

Typical installations of the post-exit vanes on the

2-D C-D nozzles are shown in figures 4 to 6 to illus-
trate the method of vane attachment and orientation.

The baseline vane, size A, was designed such that its
height approximately matched the maximum vertical

travel of the nozzle divergent flaps when pitch vec-

tored in the A/B power setting. This was done so

that the baseline vane would provide at least some

yaw vectoring when coupled with a pitch-vectored

nozzle (fig. 5(b)). Vane size B maintained the base-

line length but increased height by about 22 percent.

Vane size C maintained the baseline height but in-

creased length by 50 percent. To study the effects of

camber, a duplicate set of size C vanes were built, but
with 6-percent camber. All uncambered vanes were

NACA 0006 airfoils, and the cambered vanes were

NACA 6506 airfoils (ref. 21), as shown in figure 6.

To study the effects of vane location on static per-
formance, a matrix of six vane locations were tested.

These six locations are illustrated in figure 7 (with
"+" symbols) and represent the vane leading-edge lo-

cations, regardless of size or type, when undeflected.

Yaw vectoring was accomplished by deflection of

the post-exit vanes as shown in figures 4 and 5. Each

vane was supported by two booms rigidly mounted

to the nozzle sidewall. When viewed from the side,

the boom height was 0.5 in. each, or a total of

about 22 percent of vane height for the baseline
size A vane. This height was kept constant for all

vane locations. When the nozzle was pitch vectored,
the vanes remained fixed--they did not rotate in

the pitch axis with the nozzle divergent flaps. All

vanes that were hinged about a vertical axis at the

outboard edge of the nozzle exit plane (i.e., location
A), regardless of location and size, are referred to as

single-hinged vanes.



Resultsfrompreviousstaticinvestigationsindi-
catethat the vaneturnedout of the exhaustflow
hadlittle effecton flowvectoring(ref. 17). To im-
provetile yaw-vectoringcapabilityof thisvane,the
baselinesizeA vanewastestedwith additionalro-
tation aboutthevanequarter-chord(fig.8). These
vanesarereferredto asdouble-hingedvanes.Both
vaneswerethereforeimmersedin thenozzleexhaust
plume. Thecombinationof rotationsusedwasar-
bitrarily chosento try to maximizecoverageof the
nozzleexitby thevanes.

Both the double-hingedand the cambered-vane
geometriesmentionedwereconceptsoriginallydevel-
opedfor this investigationto improvevaneturning
performance.

Instrumentation

An internallymounted,six-component,tempera-
ture-compensated,strain-gaugebalancewasusedto
measureall forcesandmomentsexperiencedby the
model. Two calibratedcritical-flowventuriswere
usedin parallelto measurethe weightflowof air
suppliedto themodel.(Seeref. 22.)Onefour-probe
rakeandtwothree-proberakesin the instrumenta-
tionsectionwereusedto measurejet total pressure.
A singlethermocouple,alsoin the instrumentation
section,wasusedto measurejet total temperature
(fig.1). All balanceandpressuretransducercalibra-
tionshadanaccuracyof 0.5percentof thefull-scale
value.

Balance and Bellows Calibrations

The propulsion simulation system was designed

to minimize any extraneous forces and moments that

might be put on the balance (figs. 1 and 2). However,

small interaction forces (or tares) caused by the pres-

ence of the propulsion simulation system accounted

for up to several percent of the total load on any
balance component. These tares were determined by

calibration before the model was tested (ref. 23).

The presence of the metal bellows, necessary to

maintain a sealed air passage across the metric-to-

nonmetric gap, required two sets of calibrations.
Jet-off calibrations were first performed because the

bellows acted essentially as a spring between the non-
metric and metric ends of the balance and intro-

duced one set of interactions. Loadings of known

weights were put on each balance component, one

at a time, and the loads that were induced on each

individual component were recorded. These loads
were used to correct the measured loads for bel-

lows stiffness tares. The characteristics of the bel-

lows, and thus the amount of tare forces induced on

the balance, varied with the pressure and amount

of air being passed through the bellows. To deter-

mine these tares, the air system was operated with

unvectored convergent Stratford calibration nozzles

(ref. 23) of various throat areas and of known perfor-

mance (i.e., known axial force), and the induced tare
forces and moments were computed as a function of

nozzle throat area and pressure differential across the
bellows. These tare forces were then subtracted from

the test data (ref. 24).

Data Reduction

All analog data were recorded simultaneously,

digitized, and stored on magnetic tapc. Fifty frames -
of data, taken at a rate of 10 frames per second,

were measured at each point. Averages of these 50 __

frames were used in all calculations (ref. 24). To be i
|consistent, all data points were taken in ascending -

order of nozzle pressure ratio.

The performance parameters presented in this re-

port are axial thrust ratio F/F i, resultant thrust ra-

tio Fr/Fi, nozzle discharge coefficient wv/wi, resul-

tant pitch-vector angle _fp, and resultant yaw-vector

angle _y. All force quantities presented herein, with
the exception of resultant thrust ratio, were resolved

along the model centerline.

Axial thrust ratio F/Fi is the ratio of actual
thrust measured along the body axis, corrected for '

balance interactions and airflow system tares, to ideal

isentropic thrust. Ideal thrust is computed from

measured weight-flow rate Wp, jet total pressure Pt,j,

and jet total temperature Tt,j.

Resultant thrust ratio Fr/Fi is the ratio of resul-

tant gross thrust to ideal isentropic thrust. Resultant

gross thrust is the vector sum of corrected axial-,
normal-, and side-force balance measurements. By

definition, axial and resultant thrust ratios differ only

when the jet exhaust is being vectored off the body
centerline. When this occurs, axial thrust ratio F/F i

decreases and Fr/F i remains constant, except for

losses in flow turning. Thus, resultant thrust ratio

represents a truer indication of nozzle efficiency.

Thrust-vector angle _p is the effective angle in
the longitudinal-vertical plane that is determined by
vector summation of the corrected axial- and normal-

force components of the balance.

Thrust-vector angle (_y is the effective angle in -

the longitudinal-lateral plane that, similar to 5p, is
determined by vector summation of the corrected

axial- and side-force components of the balance.

Lastly, nozzle discharge coefficient Wp/Wi is the

ratio of measured weight-flow rate to the ideal isen-

tropic weight-flow rate. Actual weight-flow rate is



measuredby two critical-flowventurismountedin
the air deliverysystem. Idealweight-flowis com-
putedfrommeasuredjet total temperatureandpres-
sureandmeasurednozzlethroatarea(minimumarea
of nozzleinternalflowpath).Dischargecoefficientis
a measureof the efficiencyof the nozzlein passing
airflow,andlargechangesin wp/wi between config-

urations would indicate variations in engine-nozzle

internal losses, and there would be corresponding ad-

verse effects on engine performance.

Presentation of Results

The results of this investigation are presented in

the form of plotted data in figures 9 to 30, which are

organized as follows:

Figure

Performance of baseline (no vanes installed)
nozzles ................. 9

Performance variation with increasing Vx for

size A vane with unvectored dry-power
nozzle ................. 10

Performance variation with increasing Vx for

size A vane with unvectored A/B

power nozzle .............. 11

Vane installation effects on performance for

unvectored A/B nozzle ......... 12

Performance variation with vane longitudinal

position for unvectored dry-power and A/B

power nozzles at Vy = 1.00 ....... 13

Performance variation with increasing Vz for
size A vane with vectored dry-power
nozzle ................. 14

Performance variation with increasing Vz for

raze A vane with vectored A/B power
nozzle ................. 15

Performance variation with increasing Pry for
raze A vane with unvectored dr_:power
nozzle at Vz = 1.000 .......... 16

Performance variation with increasing Vy for
size A vane with unvectored dry-power
nozzle at Vz = 1.440 .......... 17

Performance variation with increasing Vy for
size A vane with unvectored A/B power

nozzle at Vz = 1.000 .......... 18

Performance variation with increasing Vy for
size A vane with unvectored A/B power
nozzle at Vx = 1.455 .......... 19

Performance variation with vane lateral

position for unvectored dry and A/B

power nozzles at Vz = 1.000 ....... 20

Performance comparison of single- and double-

hinged vanes on unvectored dry and A/B

power nozzles ............. 21

Performance variation with vane hinge type

for unvectored A/B power nozzle with

Vx = 1.455 and Vy = 1.00 ........ 22

Performance variation with increasing V/ for

unvectored dry-power nozzle ....... 23

Performance variation with increasing V/ for

unvectored A/B power nozzle ...... 24

Performance variation with vane length for

unvectored dry-power nozzle with

Vz = 1.440 and Vy = 1.00 ........ 25

Performance variation with increasing V h for

vectored dry-power nozzle ........ 26

Performance variation with increasing V h for

vectored A/B power nozzle ....... 27

Performance comparison of cambered and

uncambered vanes on unvectored dry-power
nozzle ................. 28

Performance comparison of cambered and

uncambered vanes on unvectored A/B power
nozzle ................. 29

Performance variation with vane camber for

unvectored A/B power nozzle with

Vx = 1.455 and Vy --- 1.00 ........ 30

Results and Discussion

Baseline Nozzle Performance

The geometries for the baseline nozzles used

are presented in figure 3, along with a table of

important nozzle parameters. As is typical for

convergent-divergent (C-D) nozzles, nozzle expan-

sion ratio Ae/At usually determined the pressure ra-
tio at which the nozzle operated fully expanded and

at peak ((NPa)d) efficiency (e.g., see fig. 9(a)). Be-

low this design point, the flow was overexpanded,

and shock losses along with shock-induced separation

caused overall thrust efficiency (F/Fi) to decrease

rapidly. Above this design point, the flow was under-

expanded and thrust efficiency was decreased, though

not as quickly as when overexpanded. Axial thrust

ratio for the unvectored nozzles shown in figure 9(a)

peaked for the dry-power nozzle ((NPR)d = 2.97) at
about NPR = 3.0 and at about NPR -- 5.0 for the

A/B power nozzle ((NPR)d = 4.65).

Also typical for C-D nozzles is the variation of

nozzle discharge coefficient (wp/wi) with NPR. As
an NPR of 1.89 was approached and passed, the

nozzle became choked (sonic velocity at the throat),

and Wp/Wi remained nearly constant throughout the

5



remainingNPRrange. Thenozzlethroat areaAt,

in conjunction with this discharge coefficient, deter-
mined the amount of airflow that could be passed

through the nozzle and thus, the amount of thrust

attainable at a given nozzle setting. Reference 25

provides an excellent theoretical analysis of these flow

processes.

When both the dry and A/B power nozzles were

= 2.0 and 4.0 (fig. 9(b)). Resultant thrust ratio

also decreased in this NPR range. These nozzle

trends were first reported extensively in reference 12

(except the vectored dry-power nozzle) and subse-

quently in reference 19 (including the vectored dry-

power nozzle).

Longitudinal Vane Location With

Unvectored Nozzles (_bv,p = O)
pitch vectored, there was a slight decrease in nozzle
expansion ratio and throat area as a result of the The behavior of the exhaust plume downstream of

manner in which the 2-D C-D divergent flaps were

moved to accomplish the pitch vectoring. (See fig. 3.)
Pressure data from reference 12 indicated that on

the pitch-vectored A/B power nozzle, the throat

pivoted about the radius on the lower convergent flap
and moved downstream on the upper divergent flap.

Similar results were also expected for the vectored

dry-power nozzle. The drop in discharge coefficient in

figure 9 from the unvectored to the vectored nozzles

(especially at the dry-power nozzle) reaffirmed the
aforementioned decreases in nozzle exit and throat

areas. Most of the turning occurred in the subsonic
flow ahead of the skewed throat and thus would not

produce large supersonic shock losses. The dry and

A/B power nozzles exhibited substantially different

characteristics of flow-turning 5p variation with NPR.

On the vectored dry-power nozzle, again as a
result of the vectoring geometry of the 2-D C-D

nozzle, the lower divergent flap was longer than

the upper divergent flap relative to the exhaust-
flow centerline. The flow was fully contained for

about 70 percent of the distance down the divergent
section (again relative to the flow centerline). For

the remaining 30 percent, the flow expanded against

a solid boundary on one side (the lower flap) and

against a free boundary on the other side. This

type of expansion is typical of single expansion ramp

nozzles (SERN), whose behavior is well documented.

(E.g., see ref. 26.) Typically, these unvectored SERN

nozzles experience a large variation in thrust-vector

angle with NPR; this variation results in a steady
decrease in resultant pitch-vector angle as NPR is

increased. This same trend, as shown in figure 9(b),

is exhibited by the pitch-vectored dry-power nozzle

of the current investigation.

A very different flow phenomenon occurred on

the vectored A/B power nozzle. Flow in its diver-

gent section was probably dominated by complete

flow separation from the lower divergent flap at the

lower values of NPR (overexpanded nozzle opera-

tion) and resulted in low thrust deflection angles

(ref. 12). As NPR was increased, the flow pro-

gressively attached to the lower divergent flap, and

resultant pitch-vector angle increased between NPR

the nozzle is just as important as its behavior within
the nozzle, particularly in this investigation in which

yaw vanes are mounted downstream of the nozzle
exit. At values of NPR less than (NPR)d , overexpan-

sion and then compression of the jet exhaust plume

created a pocket in which the undeflected vanes could

be located so as not to interact with the jet exhaust

and thus minimize the scrubbing drag effects on noz- !

zle performance. As NPR was increased to the design

point and then above, undeflected vanes placed at the

nozzle exit interacted with the expanding jet plume
and had to be moved laterally outward, away from

the exit, to avoid any effects at this condition.

Vane size A was tested with the dry and A/B

power unvectored nozzles at 0 °, 10°, and 20 ° geomet-

ric yaw angles. Results for a constant value of Vy = 0

(lateral location) and several values of Vz (longitudi-
nal location) with these nozzle and vane settings are

presented in figures 10 and 11.

Installation of the unvectored vanes on the un-

vectored dry-power nozzles caused thrust losses at

NPR = 3.0 (near the (NPR)d of 2.97) of about 1 =

to 1.5 percent. These losses were generally indepen- =
dent of Vz and were most likely caused by the added -

skin friction of the vane surfaces. During under-

expanded conditions above the design NPR, the

dry-power nozzles, with vanes installed, experienced
increased thrust losses in addition to those noted

previously (up to 1 percent more). These addi-
tional losses were an indication that the exhaust

plume was probably expanding laterally and further

impinging upon the vanes (fig. 10(a)). Similar re-

sults would be expected for the A/B power nozzle,

though the weight-flow limitations of the facility pre-

cluded setting of NPR much above the design value.
The effects of an overexpanded nozzle, however, can

be seen clearly with the A/B power configurations

(fig. ll(a)). Below (NPR)d, the exhaust plume col- -

lapsed slightly upon exiting the nozzle and caused lit-
tle or no flow to interact with the vanes. Therefore,
there were no additional thrust losses. As the de-

sign NPR (4.65) was reached, the nozzle began to fill
completely and the skin-friction losses increased to a

maximum of about 1.5 percent at maximum NPR.



Sincethe vanewasclosestto the nozzleexit plane
for vanelocationA (Vx = 1.000), these losses be-

gan at the lowest NPR. They occurred at a higher

NPR for location B (Vx = 1.455), and for location C

(Vx = 1.909) the losses began to grow just as the
design NPR was reached.

When the yaw vanes were deflected, large thrust

losses resulted. For the dry-power nozzle, losses at

NPR = 3.0 of 4 to 5 percent were experienced at
all values of Vz when the vanes were deflected 20 °

(fig. 10(c)). The vanes were turning supersonic flow,

and shock losses were expected to be high. For the

yaw angles tested, oil flow visualization photographs

(not shown) indicated that the exhaust flow was

almost completely separated from the vane turned
out of the flow. The vane turned into the flow most

likely produced most of the flow turning and all of

the thrust losses (ref. 18). Only 7° to 8 ° of actual

flow turning by was produced. Typically, values of

5y at and near (NPR)d remained steady, peaked at
some higher NPR, and then rapidly fell off. This

pattern was repeated at all three vane locations, and
the peak shifted to higher values of NPR as Vx was
increased.

Similar results with the vanes deflected were ob-

tained for the A/B power nozzle with 5v,p = 0°
(figs. ll(b) and ll(c)). At design conditions, thrust

losses of 4 to 6 percent and yaw angles of 8 ° to 10 °

were produced at a 20 ° deflection angle. The data

for the A/B nozzle with 5v,p = 0° and with A vanes
located at Vx -- 1.455 are replotted in figure 12 to

more clearly show the effects of increasing vane yaw

angle on nozzle performance and vane turning effi-

ciency for all three vane deflection angles (0 °, 10 °,
and 20°). As shown, thrust-ratio losses were as high

as 6 percent for 5v,y = 20 °, and resultant yaw-vector

angles averaged about 8° for Vx = 1.455. Data from

figures 10 and 11, cross-plotted to show the effect of

vane longitudinal position on yaw-vector angle ratio

_y/hv,y and nozzle resultant thrust-ratio increments

AFt at nozzle design NPR, are presented in figure 13

for both the dry-power and A/B power nozzles. As
shown, moving the yaw vanes aft produced mixed

but only minor effects on AFt and _y/_v,y.

Even though post-exit vanes produce only small

resultant yaw-vector angles, whether from non-

axisymmetric nozzles (ref. 18) or axisymmetric noz-

zles (ref. 20) at static conditions, they can be very

effective at wind-on conditions (e.g., see ref. 27) be-
cause of the effects on the surrounding external flow.

Longitudinal Vane Location With
Pitch-Vectored Nozzles

As previously stated, the yaw vanes were rigidly

attached to the nozzle sidewalls by two support
booms. That is, when the nozzles themselves were

pitch vectored, the vanes did not move vertically with
the exhaust plume (fig. 4). Coverage of the exhaust

plume by the vanes was reduced, especially as Vx was

increased. The yaw-vectoring capability of the vane

would thus be expected to diminish, and this was
indeed the case. Vane size A was tested on the vec-

tored dry and A/B power nozzles with 0°, 10 °, and

20 ° vane deflection angles (figs. 14 and 15).

Installing the unvectored vanes at location A

(Vz = 1.000) on the dry-power, pitch-vectored

(hv,p = 19.56 °) nozzle introduced a resultant thrust

loss of about 1 percent at NPR near design, just as for

the nozzle with 5v,p -- 0 °. However, at the two higher

values of Vz (locations B and C), vane-installed, re-
sultant thrust losses were 0.5 percent less near de-

sign NPR than with the unvectored nozzle (compare

fig. 10(a) with fig. 14(a)). At NPR = 3.0, the dry-

power nozzle was vectoring the exhaust plume 20 ° in

pitch. Thus, the jet, when vectored, was probably
in contact with an increasingly larger percentage of

the vane surface (more skin-friction drag) as the vane

was moved upstream (decreasing Vx) and/or as NPR

was increased to underexpanded conditions (plume
billows outward).

A similar effect could be seen with the pitch-

vectored A/B power nozzle at NPR = 5.0 (fig. 15(a)).
There was little change in the resultant thrust
lost at Vz = 1.000 between the unvectored and

pitch-vectored nozzles (both experiencing about 1.5-

percent losses), but as Vx was increased, any resul-
tant thrust losses that were present were decreased

when the nozzle was pitch vectored.

As expected, there was a reduction in vane flow-

turning (yaw-vectoring) capability with the vanes

deflected when installed on the pitch-vectored noz-

zles. Comparing the results for the unvectored and

pitch-vectored dry-power nozzles, smaller resultant

yaw-vector angles and reduced thrust losses are evi-

dent for the pitch-vectored configurations (compare

fig. 10(b) with fig. 14(b) and fig. 10(c) with fig. 14(c)).

As the yaw vanes were moved aft (increasing Vx), the
magnitude of the resultant thrust loss and resultant

yaw thrust-vector angle for the pitch-vectored noz-
zles tended to decrease from those shown for the un-

vectored nozzles. The same patterns of resultant yaw

angle with NPR were still present, but the magni-
tudes were reduced substantially.
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Installation of these same yaw vane configurations

on the pitch-vectored A/B power nozzle produced
results similar to those for the dry-power nozzle

(figs. 15(b) and 15(c)). As explained previously,
flow conditions in this nozzle were characterized

by a rapid increase in resultant pitch-vector angle

at NPR from 2.0 to 4.0. As this occurred, the

yaw-vectoring ability of the externally mounted yaw

vanes generally dropped sharply. At NPR = 5.0,

the flow in the nozzle stabilized (attached flow), and

trends similar to those for the pitch-vectored dry-

power nozzle could be discerned.

Lateral Vane Location

The effects of lateral vane location on nozzle

performance at two constant longitudinal stations arc

presented in figures 16 and 17 for the unvectored

dry-power nozzle and in figures 18 and 19 for the

unvectored A/B power nozzle. On both nozzles,

the size A vane was tested at 0 °, 10 °, and 20 ° yaw

deflection angles.

For the dry-power nozzle, thrust loss of about
1 percent at NPR -- 3.0 occurred with the un-

deflected vanes installed at location A (fig. 16(a)).

As Vy was increased (vanes moved outboard), these
losses disappeared. Similar results were seen when
the vanes were moved from location B to location E

(fig. 17(a)). The vanes at Vy > 1.0 (locations D, E,
and H) were removed from the exhaust such that the

plume did not impinge upon the vanes, and there was
no associated skin-friction drag. With the unvectored

A/B power nozzle, a similar decrease in thrust losses
associated with vane installation at the outboard

locations was experienced (figs. 18(a) and 19(a)).

Just as the distance of the vanes from the exhaust

plume served to maintain efficiency in the unvectored

configurations, it also reduced the effectiveness of

the vanes in turning the jet (yaw thrust vectoring).

When the deflected vanes were moved laterally from

location A to location H on the dry-power nozzle

with 5v,p = 0 °, resultant yaw-vector angle decreased
(figs. 16(b) and 16(c)). The reduction of resultant
thrust loss as the vanes were moved from location A

to location H, as well as the reduced vectoring ca-

pacity, indicated again that the vanes were simply
too far removed (laterally) from the exhaust to be
effective at static conditions. Similar results were

observed when moving from location B to location E

(figs. 17(b) and 17(c)).

For these same configurations on the A/B power

nozzle with 5v,p = 0 °, similar trends in resultant

thrust ratio and resultant yaw-vector angle for the
same variations in vane lateral location were found

8

(figs. 18 and 19). The data for the dry and A/B

power nozzles with 5v,p = 0° and with size A vanes
at Vx = 1.000 from figures 16 and 18 are cross-plotted

in figure 20 to more clearly illustrate the effects

of vane lateral spacing on yaw-vector angle ratio

5y/Sv,y and nozzle resultant thrust-ratio increments
AFt. As stated previously, for both the dry-power

and A/B power nozzles, moving the vanes outboard

reduces thrust losses. When 5v,y = 0°, resultant
thrust losses were essentially eliminated for all. but

the vane positions with Vy -- 1.0. Also, the turning
effectiveness of the vanes was adversely affected as
the vanes were moved outboard.

Double-Hinged Vane Configurations

A vane deflected out of the exhaust flow was re-

sponsible for little, if any, of the flow turning, as
the exhaust flow never attached itself to the vane

inner surface. A method was devised by which this

vane could also be immersed in the jet. The geom-
etry for these double-hinged vanes is presented in

figure 8. As illustrated, both vanes should now be

able to generate flow turning. Vane size A, with this

double-hinged geometry, was tested at location B on

both the dry and A/B nozzles with 5v,p = 0% A
direct comparison of the nozzle performance param-

eters between the single- and double-hinged vanes is
presented in figure 21.

On the dry-power nozzle with 5v,p = 0° at
NPR = 3.0, for both the 10 ° and 20 ° yaw deflection

angles, the double-hinged vanes produced more than

double the resultant thrust losses of the single-hinged

vanes with less than a 50-percent improvement to the

resultant yaw angle (fig. 21(a)). At 20 ° yaw deflec-

tion, 5y at NPR = 3.0 increased from about 8° to 11 °,
while resultant thrust ratio decreased an additional

4.5 percent. Similar results were observed for the

A/B power nozzle compared with the dry-power noz-

zle, except that slightly better turning performance
was achieved for most conditions.

Data for the unvectored A/B nozzle with size A _

vanes at Vz = 1.455 and Vy = 1.00 are cross-
plotted in figure 22 at NPR = 4.6 to more clearly

show the effect of vane deflection angle and hinge

type on turning efficiency and resultant thrust-ratio

loss. As indicated previously, turning efficiency is

substantially higher for the double-hinged vanes than -

for the single-hinged vanes, but thrust-ratio losses are

more than doubled at 5v,y = 20 °.

Vane Longitudinal Length

To determine the effects of vane length, the base-

line size A vane was increased in length 50 percent,



from Vl = 1.758 to 2.637 on the dry-power noz-

zle. This size C vane was tested at locations A, B,

and E and at yaw-vector angles of 0°, 10 °, and 200

on both the unvectored dry and A/B power nozzles.

A comparison of results for size A and size C vanes

is presented in figures 23 and 24.

At 5v,y = 0°, the size C vane exhibited resultant

thrust-ratio trends similar to those discussed previ-

ously for the size A vane on both the dry and A/B

power nozzles (figs. 23(a) and 24(a)). For the dry-

power nozzle with 5v,p = 0°, increasing vane length

increased thrust losses over the entire NPR range
tested (most likely because of increased skin-friction

drag) when the vane was installed at Vy = 1.00. Mov-

ing the vane downstream from the exit (increasing
Vx) had little effect on resultant thrust losses. As

with the size A vane, thrust losses for the size C

vane on the A/B power nozzle, as NPR increased, did

not begin until the jet plume expanded sufficiently to
contact the vanes. The NPR at which this occurred

increased as the vanes were moved downstream. On

the dry-power nozzle, at values of NPR greater than

(NPR)d , thrust losses increased as the jet expanded

increasingly outward onto the vanes, and the magni-

tude of those thrust losses was higher for the larger
C vane. At location E, just as with the size A vane,
the C vane created no thrust losses over most of the

NPR test range for either nozzle. As before, the vane

was mounted far enough away (laterally) from the ex-

haust to avoid contact with the plume. However, at

higher values of NPR on the dry-power nozzle, the

jet expanded sufficiently to impinge upon the vanes,

and thrust losses increased slightly (fig. 23(a)).

As expected, the larger size C vane, when de-

flected, generally increased resultant yaw-vector an-

gle, particularly for the dry-power nozzle (figs. 23(b)

and 23(c)). However, for the A/B power nozzle

(figs. 24(b) and 24(c)), this improved yaw-vectoring

performance was accompanied by larger resultant
thrust-ratio losses. These effects were small for the

A/B power nozzle with 5v,y = 10 °.

To show more clearly the effect of vane turning

angle for two different vane lengths on the vane
turning efficiency and resultant thrust-ratio losses,

data for the dry-power nozzle at Vx = 1.440 and

Vy = 1.00 are cross-plotted in figure 25 at NPR =
3.0 for the size A vanes (1I// = 1.758) and the size C

vanes (Vt = 2.637). As previously indicated, both
turning efficiency and resultant thrust-ratio losses

were increased for the dry-power nozzle by increasing
vane length.

Vane Vertical Height

The effect of vane height was determined by

testing the size B vane, which had a height about

22 percent greatcr than the baseline size A vane.

The height of the baseline A vane was sized such

that it approximately matched the maximum vertical

movement (up and down) of the upper or lower

nozzle flap as pitch-vector angle was increased from

0 ° to 20 °. Using this criterion ensured that, during

yaw vectoring, at least a small percentage of the

baseline vane would turn into the exhaust, even
when the nozzle was pitch vectored. The most

extreme case was the vectored A/B power nozzle.

(See fig. 5(b).) Vane size B was tested to see if
increased yaw-vector angle, when coupled with nozzle

pitch vectoring, could be realized. A comparison
of nozzle performance for vane sizes B and A on

both the pitch-vectored dry and A/B power nozzles
is presented in figures 26 and 27, respectively.

When installed at 5v,y = 0° on either pitch-
vectored nozzle, the size B vane experienced nearly

identical resultant thrust losses (within 0.5 percent)

as the A vane. As with the size A vane (figs. 26(a)

and 27(a)), these losses were constant with Vx. Thc

deflected size B vane produced a slight increase in re-

sultant yaw vectoring over the size A vane and caused
up to an additional 0.5-percent thrust loss on both

vectored nozzles, especially for 5v,y = 20 ° (figs. 26(c)
and 27(c)). These results and the added structural

weight of these larger B vanes would eliminate their
use on an aircraft.

Vane Camber

To determine the effects of camber, a vane of

the same dimensions as the size C vane, but with
6-percent camber, was built. This vane was tested at

the same locations as the uncambered size C vane,

namely locations A, B, and E, and at yaw-vector

angles of 0°, 10 °, and 20 °. Performance compar-

isons between the cambered and uncambered vanes,

installed on the dry and A/B power nozzles with

5v,p = 0°, are presented in figures 28 and 29,
respectively.

At 5v,y = 0°, the cambered vane exhibited re-
sults essentially the same as the uncambered vane at

all three locations and on both nozzles (figs. 28(a)
and 29(a)). As for the uncambered vane, resultant

thrust losses were experienced at both values of Vx

(locations A and B), and these losses disappeared as

Vy was increased (location E).

For deflected-vane cases (figs. 28(b) and (c) and

figs. 29(b) and (c)) on both the dry and A/B power
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nozzles,and at all three locationstested,resul-
tant yaw-vectorangleswereincreasedfor the cam-
beredvanesby 50 to 100percentoverthe uncam-
beredvanesandcausedanadditionalresultantthrust
penaltyof only about1 to 2 percent.Treatingthe
vanesasairfoils immersedin supersonicflow, the
camberedvaneswould,at a givenvaneangleof at-
tack,beexpectedto generatemorelift (lateralthrust
deflectionin this application)for lessdrag (thrust
loss)thantheuncamberedcounterparts(ref.21).On
the dry-powernozzle,for 20° yawdeflection,resul-
tant yawangleswerenearlyequalto the geomet-
ric angle.Oil the A/B powernozzlewith vanesat
Vy = 1.00 and 10 ° yaw deflection, resultant yaw
angles equal to the geometric angle were achieved

at near-design NPR. At 20 ° yaw deflection, (NPR)d

could not be set, because the maximum yawing-

moment capacity of the force balance was reached

first. However, significant resultant yaw-vector an-
gles were generated even at values of NPR below de-

sign. The cambered vanes are probably capable of

producing 19 ° to 20 ° of resultant yaw-vector angle,
which is double what the uncambered vanes devel-

oped. These large increases in by were accompanied
by only 1- to 2-percent additional resultant thrust
penalties. Further improvements may be possible by

optimizing the combination of camber amount and
location.

Data from figure 29 for the A/B power nozzle are

cross-plotted in figure 30 to compare the effects of un-

cambered and cambered C vanes on turning efficiency

and resultant thrust-ratio losses for yaw vane deflec-

tion. This figure clearly shows the dramatic increase

in turning efficiency for thc vanes at Vx = 1.455 and

Pry = 1.00 with only about another 1-percent loss in
resultant thrust ratio.

Conclusions

The effects of post-exit yaw vane installation on

two-dimensional convergent-divergent nozzles have

been studied in the static test facility of the Lang-

ley 16-Foot Transonic _hnnel. Both unvectored and
pitch-vectored nozzle models of dry and afterburner

power two-dimensional convergent-divergent (2-D

C-D) nozzles were tested with vanes on and vanes
off at nozzle pressure ratios from 2.0 to 9.0.

All vanes were mounted external to the 2-D C-D

nozzle; therefore, it was expected that the presence of

the vanes would significantly alter the external flow
field, but would have little effect upon the internal

flow characteristics of the jet. The nozzle throat

was well upstream of, and well isolated from, the

yaw vanes, and therefore discharge coefficient was

not affected by vane installation, positional change,
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or geometric yaw-vector angle. Similarly, when the

nozzles were pitch vectored, all turning in the pitch

plane was accomplished internally, and pitch-vector

angles were only slightly affected, if at all, by the

presence of the vanes.

Airfoil-shaped post-exit vanes of various planform

shapes (uncambered and cambered) were tested at
several locations relative to the nozzle exit at 0 °, i

10 °, and 20 ° yaw deflection angles. Also, trends in

the data indicate the following conclusions for nozzles :
tested at static conditions:

1. When installed along a line extending down-

stream from the inner surface of the dry-power
nozzle sidewall, undeflected vanes produced

thrust losses of 1.0 to 2.5 percent because of

scrubbing losses on the vanes. For the after- :

burning (A/B) power nozzle, vane scrubbing

losses of about 1.5 percent are evident just

above the design nozzle pressure ratio at a i
nozzle pressure ratio (NPR) of 6 (maximum

flow limit).

2. As the vanes were moved laterally outward
away from the inner surface of the nozzle side- -

wall, undeflected thrust losses disappeared.

3. When mounted on nozzles unvectored in pitch,
deflected vanes produced one-half or less of the -

geometric yaw-vector angle, with large thrust

penalties. This effect was fairly constant with

longitudinal location.

4. Yaw thrust-vectoring effectiveness of the vanes

dropped substantially as the vanes were moved

laterally outboard of the nozzle exit.

5. When the nozzles were pitch vectored, yaw-

ing effectiveness of the vanes decreased, and

this decrease became more pronounced as the
vanes were moved downstream.

6. Increasing vane length by 50 percent produced

up to about a 50-percent increase in yawing

effectiveness, depending on NPR, with small

additional resultant thrust losses for the yaw
vanes undeflected and deflected.

7. Increasing vane height by about 20 percent
produced only a slight increase in yawing ef-

fectiveness for the pitch-vectored nozzles. The

added structural weight of these vanes would

probably preclude their use on an aircraft.

8. Cambered vanes produced 50 to 100 percent

more yaw vectoring than uncambered vanes

with no additional undeflected thrust penalty

and only 1 to 2 percent additional thrust

penalty when deflected.



9. Especially on the A/B power nozzle, the

double-hinged concept produced substantially

more turning efficiency but substantially more

resultant thrust losses.

NASA Langley Research Center

Hampton, VA 23665-5225

March 1, 1991
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Figure 3. Sketches of baseline nozzle geometry. (Nozzle internal width is 4.000 in.; all linear dimensions
are in inches.)
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Figure 5. Typical installations of post-exit yaw vanes on 2-D C-D nozzles.
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Figure 5. Concluded.
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(b) Normalized vane parameters.

Figure 7. Concluded.
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Figure 8. Sketches of double-hinged vanes.
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Figure 9. Baseline nozzle performance.
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Figure 11. Effect of vane longitudinal position for size A vanes with 6v,p = 0°, A/B power nozzle, and

Vy = 1.00.
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Figure 12. Effect of vane installation and yaw angle on performance of A/B power nozzle with 5v,p = 0°
for size A vanes at Vz = 1.455 and Vy = 1.00.
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Figure 15. Effect of vane longitudinal position for size A vanes with 5v,p = 20.26 °, A/B power nozzle,
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Figure 16. Effect of vane lateral position for size A vanes with 5v,p = 0°, dry-power nozzle, and Vx = 1.000.
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Figure 17. Effect of vane lateral position for size A vanes with _v,p = 0°, dry-power nozzle, and Vz = 1.440.
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Figure 19. Effect of vane lateral position for size A vanes with 6v,p = 0°, A/B power nozzle, and
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Figure 21. Comparison of single- and double-hinged vanes for size A vanes at position B with 6v,p = 0°.
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